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PREFACE 
A g r i c u l t u r a l  d r a i n a g e  s y s t e m s  p r o v i d e  t h e  p r i n c i p a l  means 
o f  c o p i n g  w i t h  w a t e r l o g g i n g  and s a l i n i z a t i o n  o f  s o i l s ,  two o f  
t h e  major  e n v i r o n m e n t a l  p roblems o f  a g r i c u l t u r e .  To i l l u s t r a t e  
t h e  e n o r m i t y  o f  t h e  p rob lems  c a u s e d  by s a l i n i z a t i o n ,  o n e  need 
o n l y  n o t e  t h a t  t h e  t o t a l  so i l  loss  i n  t h e  w o r l d  d u e  t o  s e c o n d a r y  
s a l i n i z a t i o n  i s  l a r g e r  t h a n  t h e  amount o f  s o i l  p r e s e n t l y  
i r r i g a t e d  wor ldwide .  
D r .  S t r z e p e k ' s  p a p e r  i s  w r i t t e n  from a p e r s p e c t i v e  u n u s u a l  
a t  IIASA. G e n e r a l l y ,  t h e  t y p e  o f  d e c i s i o n  which c o n c e r n s  IIASA 
s c i e n t i s t s  i s  o n e  o f  f e a s i b i l i t y  - w h e t h e r  a s p e c i f i c  p r o j e c t  
s h o u l d  b e  deve loped  and  what  t h e  p r i n c i p l e  f e a t u r e s  o f  s u c h  a  
p r o j e c t  would be .  I n  c o n t r a s t ,  D r .  S t r z e p e k ' s  a p p r o a c h  i s  to  
d i s c u s s  t h e  ways i n  which t h e  t e c h n i q u e s  o f  s y s t e m s  a n a l y s i s  
c a n  b e  used  t o  s o l v e  u n i v e r s a l  p roblems o f  e n g i n e e r i n g  d e s i g n .  
T h i s  m e t h o d o l o g i c a l  p o i n t  o f  view i s  t h u s  o f  i n t e r e s t  n o t  o n l y  
t o  t h e  t a s k  "Env i ronmen ta l  Problems o f  A g r i c u l t u r e , "  b u t  a l s o  t o  
t h e  e n t i r e  i n s t i t u t e  and d e c i s i o n m a k e r s  i n  g e n e r a l .  
The background work f o r  t h i s  p a p e r  was i n i t i a t e d  a t  t h e  
M a s s a c h u s e t t s  I n s t i t u t e  o f  Technology,  b u t  t h e  p a p e r  was w r i t t e n  
a t  IIASA. 
Genady N .  Golubev 
Task L e a d e r  
Env i ronmen ta l  Problems 
o f  A g r i c u l t u r e  
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A SYSTEMS APPROACH TO DESIGN OF 
AGRICULTURAL DRAINAGE SYSTEM I N  
EGYPT 
Kenneth M. S t r z e p e k  
INTRODUCTION 
The growing demand f o r  food t o  f e e d  t h e  w o r l d ' s  i n c r e a s i n g  
p o p u l a t i o n  h a s  p u t  g r e a t  stress upon t h e  a g r i c u l t u r a l  community 
worldwide.  Resea rch  i n t o  new v a r i e t i e s  o f  s e e d s  and fa rming  methods 
p r o g r e s s e s  d a i l y ,  w h i l e  a t  t h e  same t i m e ,  w a t e r  r e s o u r c e s  and 
a g r i c u l t u r a l  p r o j e c t s  a r e  b e i n g  implemented t o  b r i n g  more l a n d  
under  c u l t i v a t i o n .  Faced w i t h  t h e  p r e s s u r e s  o f  i n c r e a s e d  food 
demand, any d e c l i n e  i n  t h e  p r o d u c t i v i t y  o f  e x i s t i n g  l a n d  i s  
viewed a s  a s e r i o u s  problem i n  mee t ing  t h i s  demand. 
Many a g r i c u l t u r a l  l a n d s  do  n o t  have s u f f i c i e n t  n a t u r a l  
d r a i n a g e  t o  remove e x c e s s  w a t e r  due  t o  r a i n f a l l  o r  i r r i g a t i o n .  
T h i s  i n a b i l i t y  c a n  l e a d  t o  t h e  problem o f  w a t e r l o g g i n g .  
Fur the rmore ,  i n  a r i d  zones ,  much i r r i g a t e d  a g r i c u l t u r e  i s  
f a c e d  w i t h  t h e  problem o f  s a l i n i t y  b u i l d u p  due  t o  h i g h  evapo- 
t r a n s p i r a t i o n  r a t e s  and poor w a t e r  q u a l i t y  b e c a u s e  o f  e x c e s s i y ~ e  
r e u s e .  The problems o f  w a t e r l o g g i n g  and s a l i n i t y  c a u s e  a 
r e d u c t i o n  i n  p r o d u c t i v i t y  o f  e x i s t i n g  a g r i c u l t u r a l  l a n d s ;  
c o n s e q u e n t l y ,  t h e  f i e l d  o f  a g r i c u l t u r a l  d r a i n a g e  was deve loped  
a d d r e s s  t h e s e  problems.  
... A g r i c u l t u r a l  d r a i n a g e  c a n  b e  summed up a s  t h e  
improvement o f  s o i l  w a t e r  c o n d i t i o n s  t o  enhance  
a g r i c u l t u r a l  u s e  o f  t h e  l a n d .  Such enhancement  
may come a b o u t  by  d i r e c t  e f f e c t s  o n  c r o p  g rowth ,  
by  improv ing  t h e  e f f i c i e n c y  o f  f a r m i n g  o p e r a t i o n s  
o r ,  unde r  i r r i g a t e d  c o n d i t i o n s ,  by m a i n t a i n i n g  o r  
e s t a b l i s h i n g  a f a v o r a b l e  s a l t  reg ime.  D r a i n a g e  
s y s t e m s  are  e n g i n e e r i n g  s t r u c t u r e s  t h a t  remove 
w a t e r  a c c o r d i n g  t o  t h e  p r i n c i p l e s  o f  s o i l  p h y s i c s  
and  h y d r a u l i c s .  The consequences  o f  d r a i n a g e ,  
however,  may a l s o  i n c l u d e  a change  i n  t h e  q u a l i t y  
o f  t h e  d r a i n a g e  w a t e r , . . .  (Van S c h i l f g a a r d e ,  1 9 7 4 ) .  
THE NEED FOR AGRICULTURAL DRAINAGE I N  EGYPT 
S i n c e  t h e  c o m p l e t i o n  o f  t h e  High Aswan D a m  i n  1965, t h e  
N i l e ' s  f l o o d  waters have  been  s t o r e d  i n  t h e  Lake Nasser Reservoir 
and are a v a i l a b l e  f o r  d i s t r i b u t i o n  o v e r  t h e  e n t i r e  y e a r .  The 
year - round a v a i l a b i l i t y  o f  water h a s  l e d  t o  m o r e  l a n d  b e i n g  
b r o u g h t  unde r  m u l t i p l e  c r o p  c u l t i v a t i o n .  T h i s  g r a d u a l l y  c r e a t e d  
t h e  s i t u a t i o n  where  t h e  p r e s e n t  c r o p p i n g  i n t e n s i t y  i n  t h e  N i l e  
v a l l e y  i s  a p p r o x i m a t e l y  o n e  hundred  n i n e t y  p e r c e n t .  
T h i s  i n t e n s i v e  i r r i g a t i o n  t h e n c r e a t e d  a problem. I n  t h e  
p a s t ,  w i t h  b o t h  w e t  and d r y  p e r i o d s ,  t h e  i n i t i a l  f l o o d  w a t e r s  
p r o v i d e d  a mechanism f o r  f l u s h i n g  away a n y  s a l t s  t h a t  migh t  h a v e  
b u i l t  up i n  t h e  s o i l ,  a n d  t h e  g roundwate r  t a b l e  had  t i m e  t o  
r e c e d e  s l o w l y  a f t e r  t h e  f l o o d .  NOW, due  t o  yea r - round  i r r i g a -  
t i o n ,  t h e  water t a b l e  i s  c o n s t a n t l y  h i g h  and  s a l t s  a re  n o t  
f l u s h e d .  The r e s u l t  i s  t h a t  c r o p  y i e l d s  h a v e  b e e n  s e v e r e l y  
a f f e c t e d  b y  w a t e r l o g g i n g  and s a l i n i t y .  T h e s e  p rob lems  a r e  d u e  
t o  poor  i r r i g a t i o n  p r a c t i c e s  and t h e  s o i l  p r o p e r t i e s  o f  t h e  
N i l e  v a l l e y .  
I t  i s  p o s s i b l e  t o  a l l e v i a t e  t h e  p rob lems  o f  w a t e r l o g g i n g  
and s a l i n i t y  by  i n t r o d u c i n g  b e t t e r  f a rm w a t e r  management and 
a g r i c u l t u r a l  d r a i n a g e  s y s t e m s .  D r a i n a g e  s y s t e m s  a l l o w  t h e  
g roundwa te r  t a b l e  t o  b e  c o n t r o l l e d ,  p r e v e n t i n g  w a t e r l o g g i n g  
and a l l o w i n g  f o r  s u f f i c i e n t  l e a c h i n g  o f  e x c e s s  s a l t s  f rom t h e  
c r o p  r o o t  zone.  
The w i d e s p r e a d  a d a p t a t i o n  o f  new f a r m i n g  t e c h n i q u e s  i s  
d e c a d e s  away. T h e r e f o r e  t h e  E g y p t i a n  government  h a s  embarked 
upon a  monumental  p r o j e c t  o f  i n s t a l l i n g  a g r i c u l t u r e  d r a i n s  o n  
m o s t  c u l t i v a t e d  l a n d  i n  Egypt .  
A SYSTEMS APPROACH TO THE PROBLEM 
The g o a l  i n  t a k i n g  a s y s t e m s  a p p r o a c h  i s  t o  s y n t h e s i z e  i n t o  
a  model i n f o r m a t i o n  a b o u t  t h e  p h y s i c s  o f  d r a i n a g e ,  t h e  economics  
of d r a i n a g e ,  and  t h e  s o c i a l  and  p o l i t i c a l  p r o c e s s  o f  d r a i n a g e  
p l a n n i n g .  The model s h o u l d  a l l o w  e a c h  component t o  r e f l e c t  i t s  
t r u e  impac t  upon t h e  u l t i m a t e  g o a l  o f  improved a g r i c u l t u r a l  
p r o d u c t  i o n .  
T h i s  work examines  t h e  p r o c e s s  o f  p l a n n i n g  d r a i n a g e  s y s t e m s  
as w e l l  a s  t h e  p rob lems  c o n f r o n t i n g  t h e  components  o f  t h e  
d e s i g n  p r o c e s s .  I n  t h i s  way, m e t h o d o l o g i e s  d e v e l o p e d  f o r  t h e  
d e s i g n  components  c a n  t a k e  i n t o  a c c o u n t  t h e  i n t e r a c t i o n s  
be tween  t h e  s y s t e m  p r o c e s s e s  and  c a n  a d d r e s s  p r o b l e m s  t h a t  
a f f e c t  t h e  d r a : ' n a g e  s y s t e m  as a  whole .  
The problem o f  d a t a  u n c e r t a i n t y  c o n f r o n t s  t h e  p l a n n i n g  and 
d e s i y n  o f  a g r i c u l t u r a l  d r a i n a g e .  I n  many c a s e s ,  d e c i s i o n s  on 
economic f e a s i b i l i t y  o f  d r a i n a g e  p r o j e c t s  must b e  made w i t h  v e r y  
l i t t l e  and u n c e r t a i n  d a t a  on s o i l  p a r a m e t e r s ,  w a t e r  a p p l i c a t i o n  
r a t e s ,  and e f f i c i e n c y  o f  i r r i g a t i o n  p r a c t i c e s  needed f o r  p re l im-  
i n a r y  d e s i g n .  Fur the rmore ,  economic d a t a  o n  b e n e f i t s  and c o s t s  
a r e  a l s o  s c a r c e .  T h i s  u n c e r t a i n t y  can  r e s u l t  i n  under-des ign  
o f  t h e  sys tem,  c a u s i n g  l o s s e s  i n  c r o p  p r o d u c t i o n ,  o r  o v e r - d e s i g n  
o f  t h e  sys tem,  t h u s  w a s t i n g  c a p i t a l ,  r e s o u r c e s ,  and i n  some c a s e s ,  
r e s u l t i n g  i n  p r o d u c t i o n  l o s s e s .  
T h i s  paper  l o o k s  a t  t h e  p r o c e s s  o f  d r a i n a g e  p l a n n i n g  and 
d e s i g n ,  and how it is  a f f e c t e d  by u n c e r t a i n t y .  The f i r s t  o b j e c -  
t i v e s  o f  t h e  r e s e a r c h  a r e  t o  i d e n t i f y  t h e  p r e s e n t  p l a n n i n g  
methodologies  and t o  d e v e l o p  t o o l s  f o r  b e t t e r  p l a n n i n g  under  
u n ~ e r t a i n t y ~ g i v e n  t h e  p r e s e n t  p r o c e s s .  The second o b j e c t i v e  
i s  t o  d e v e l o p  a  new methodology f o r  d r a i n a g e  d e s i g n  which 
i n c o r p o r a t e s  u n c e r t a i n t y  and sys tem i n t e r a c t i o n s  i n  a  fo rmal  
d e s i g n  p rocedure .  
T h e  d r a i n a g e  p l a n n i n g  p r o c e s s  i s  d e f i n e d  a s  a  m u l t i l e v e l  
p r o c e s s  (see F i g u r e  1 ) .  The f i r s t  l e v e l  i s  t h e  p r o j e c t  e v a l u a -  
t i o n  l e v e l ,  t h a t  i s , w h e r e t h e  d e c i s i o n  o f  whe the r  t h e  p r o j r ? c t  
s h o u l d  be under taken  o r  n o t  is  made, e . g . ,  a r e  t h e  b e n e f i t s  
o f  t h e  p r o j e c t  g r e a t e r  t h a n  t h e  c o s t s ?  The f i r s t  l e v e l  o f  d r a i n a g e  
p l a n n i n g  i s  n o t  t h e  f o c u s  o f  t h i s  paper .  R a t h e r ,  t h e  emphasis  
o f  t h i s  s t u d y  i s  on  t h e  d e s i g n  o f  t h e  c o l l e c t o r  and l a t e r z l  
d r a i n s  which a r e  t h e  e s s e n c e  o f  t h e  second and t h i r d  leve 's  o f  
t h e  d r a i n a g e  p l a n n i n g  problem. 
LEVEL I PROJECT EVALUATION 
( AND FORMLILATION> 
COLLECTOR NETWORK LEVEL I I 
< LEVEL J I I 
F I ELD LATERAL 
DRAIN DESIGN 
* 
F i g u r e  1.  M u l t i l . e v e 1  D r a i n a g e  P l a n n i n g  
I f  t h e  f i r s t  l e v e l  d e c i s i o n  conc ludes  t h a t  t h e  d r a i n a g e  
p r o j e c t  i s  b e n e f i c i a l  t o  t h e  n a t i o n ,  i t  i s  n e c e s s a r y  t o  proceed 
t o  t h e  d e t a i l e d  d e s i g n  o f  t h e  d r a i n a g e  sys tem.  The p r o c e d u r e s  
i n v o l v e d  i n  t h e  second l e v e l  p r o c e s s  a r e  t h e  d e s i g n  o f  t h e  
network of  t h e  c o l l e c t o r  and main d r a i n s .  T h i s  w i l l  i n c l u d e  
t h e  p l a c e m e n t , s i z i n g ,  and t y p e  o f  c o l l e c t o r  d r a i n s  i n  t h e  c o l -  
l e c t i o n  network. The t h i r d  l e v e l  i s  t h a t  o f  t h e  d e s i g n  o f  t h e  
f i e l d  l a t e r a l  d r a i n s  o r  f i e l d  l e v e l  p l a n n i n g .  T h i s  l e v e l  
p l a n n i n g  i n v o l v e s  t h e  c h o i c e  o f  t h e  d e p t h  and s p a c i n g  o f  sub- 
s u r f a c e  l a t e r a l  d r a i n s .  
The o b j e c t i v e  t h e n  is  t o  i d e n t i f y  u n c e r t a i n t y  i n  each  o f  
t h e  l e v e l s  o f  d r a i n a g e  p l a n n i n g  and deve lop  t o o l s  t o  d e a l  e f f e c -  
t i v e l y  w i t h  t h e s e  u n c e r t a i n t i e s  i n  a n  e x p l i c i t  manner. I n  t h i s  
p a p e r ,  t h e  p h y s i c a l  pa ramete r  u n c e r t a i n t y  is  a d d r e s s e d ,  w i t h  
t h e  emphasis  upon t h e  s p a t i a l  v a r i a b i l i t y  and u n c e r t a i n t y  o f  
s o i l  p e r m e a b i l i t i e s .  
The s p a t i a l  v a r i a b i l i t y  found i n  l e v e l  two p l a n n i n g  was 
a d d r e s s e d  by d e v e l o p i n g  a  s i m u l a t i o n  model f o r  s t a n d a r d i z e d ,  
e f f i c i e n t  c o l l e c t o r  network p lann ing .  T h i s  model p r o v i d e s  f o r  
a n a l y s i s  o f  t h e  economic c o s t  of  a  proposed network d e s i g n  and 
f o r  t h e  d e t e r m i n a t i o n  o f  t h e  l e a s t  c o s t  network.  
A t  l e v e l  t h r e e ,  t h e  i s s u e  t o  b e  a d d r e s s e d  i s  t h e  o p t i m a l  
d e s i g n  o f  f i e l d  d r a i n s  g i v e n  u n c e r t a i n t y  i n  i n p u t  p a r a m e t e r s ,  
s p a t i a l  v a r i a b i l i t y  i n  s o i l  p e r m e a b i l i t y ,  c r o p  y i e l d  f u n c t i o n s ,  
and economic c r i t e r i a .  A method was developed t o  p r o v i d e  f o r  
a  measure o f  u n c e r t a i n t y  i n  t h e  f i e l d  d r a i n a g e  sys tem o u t p u t s  
g i v e n  u n c e r t a i n t y  i n  t h e  sys tem i n p u t s  and a  model o f  t h e  sys tem.  
The Hooghoudt e q u a t i o n  f o r  f i e l d  d r a i n a g e  d e s i g n  i s  used a s  a  
model f o r  s u b s u r f a c e  d r a i n a g e  flow. A f i r s t  order-second moment 
(FOSN) a n a l y s i s  i s  performed on t h e  Hooghoudt e q u a t i o n  t o  
p r o v i d e  t h e  mean and v a r i a n c e  o f  t h e  groundwater  l e v e l  g i v e n  
t h e  mean and v a r i a n c e  i n  s o i l  p e r m e a b i l i t y  and d r a i n a g e  r a t e .  
Using t h e  FOSM a n a l y s i s  a n  " o p t i m a l "  d e s i g n  c a n  b e  found by 
Mathemat ica l  Programming under U n c e r t a i n t y .  A S t o c h a s t i c  
Programming Mathemat ica l  Programming Model f o r  f i e l d  d r a i n  
d e s i g n  u s e s  e m p i r i c a l  c r o p  l o s s  f u n c t i o n s  and t h e  FOSM r e s u l t  
t o  d e f i n e  a n  e x p e c t e d  l o s s  which i s  i n c o r p o r a t e d  i n t o  t h e  
o b j e c t i v e  f u n c t i o n  t h a t  minimizes t h e  t o t a l  o f  c a p i t a l  and 
expec ted  l o s s  c o s t s .  The model r e s u l t s  p r o v i d e  t h e  o p t i m a l  
d e p t h  and s p a c i n g  o f  t h e  f i e l d  d r a i n s .  
The o v e r a l l  p l a n n i n g  o f  a  d r a i n a g e  sys tem i s  a  two- leve l  
p r o c e s s .  A dynamic m u l t i l e v e l  p l a n n i n g  model which i n c o r p o r a t e s  
u n c e r t a i n t y  i n  f i e l d  l e v e l  d e s i g n  and t h e  s i m u l a t i o n  approach 
t o  l e v e l  two c o l l e c t o r  network d e s i g n  i s  developed.  T h i s  
combined o p t i m i z a t i o n - s i m u l a t i o n  t e c h n i q u e  a l l o w s  f o r  feedback 
between l e v e l  two and l e v e l  t h r e e  d r a i n a g e  p l a n n i n g  f o r  a n  
e f f i c i e n t  t o t a l  sys tem d e s i g n .  
GENERAL APPROACH 
Level  I1 
The p r o c e s s  o f  p l a n n i n g  d r a i n a g e  c o l l e c t i o n  sys tems  c a n  
be  c a s t  i n t o  a  formal  mathemat ica l  programming problem (MPP) . The 
problem i s  t h a t  due  t o  t h e  c o m p l e x i t i e s  d i s c u s s e d  above t h e  
MPP i s  i m p o s s i b l e  t o  s o l v e  u s i n g  any l i n e a r  o r  n o n l i n e a r  
programming package.  However, it i s  p o s s i b l e  t o  b u i l d  a 
computer p r o g r a m w h i c h w i l l  s i m u l a t e  t h e  p r o c e d u r e s  i n v o l v e d  
i n  t h e  p l a n n i n g  p r o c e s s .  The s i m u l a t i o n  model does  n o t  
p r o v i d e  a n  o p t i m a l  s o l u t i o n ,  b u t  r a t h e r  d i s p l a y s  t h e  h y d r a u l i c  
and economic r e sponse  o f  a  g iven  system i n p u t  t o  t h e  model 
by t h e  eng inee r .  
A s i m u l a t i o n  model i s  proposed t h a t  a l l o w s  t h e  eng inee r  
t o  make t h e  same judgements made wi th  p r e s e n t  t e c h n i q u e s .  
The s i m u l a t i o n  model p rov ides  t h e  speed o f  a  d i g i t a l  computer 
t o  a i d  i n  t h o s e  p l ann ing  p r o c e d u r e s w h i g h a r e  d e f i n e d  mathe- 
m a t i c a l l y  o r  f o l l ow  s p e c i f i c  r u l e s .  For example, t h e  p i p e  
s i z i n g  p o r t i o n  o f  t h e  p roces s  a s  w e l l  a s  t h e  placement o f  
manholes every  200 meters a p a r t ,  c an  e a s i l y  b e  programmed 
i n t o  t h e  computer.  However, t h e  a l ignment  of  t h e  c o l l e c t o r  
network must be  s p e c i f i e d  by t h e  e n g i n e e r f u s i n g  h i s  judgement 
a s  w e l l  a s  o t h e r  impor t an t  pa ramete rs ,  because  t h e  model o n l y  
s i m u l a t e s  a  sys tem t h a t  i s  g i v e n , b u t d o e s  n o t  g e n e r a t e  sys tems.  
The o u t p u t  o f  t h e  model i s  a  complete account  o f  t h e  
l eng th  o f  each p i p e  s i z e ,  t h e  number o f  manholes, t h e  number 
o f  t e e - s e c t i o n s ,  and t h e  number of  o u t l e t s  needed t o  dr .a in  prop- 
e r l y  t h e  a r e a  f o r  t h i s  g iven  system al ignment , .  Knowing t h e  
economic c o s t s  f o r  each  o f  t h e  sys tem components o f  which t h e  
model keeps a c c o u n t ,  a  t o t a l  c o s t  f o r '  t h i s  c o l l e c t o r  
sys tem c a n b e o b t a i n e d .  W i t h  t h e  speed t h a t  a  s i m u l a t i o n  
model p rov ides ,  t h e  d r a i n a g e  eng inee r  i s  t h e n  a b l e  t o  ana lyze  
t h e  c o s t  o f  a  number o f  p o s s i b l e  a l t e r n a t i v e  c o l l e c t o r  sys tems.  
Then t h e  e n g i n e e r  selects t h e  sys tem from t h e  v a r i o u s  proposed 
a l t e r n a t i v e s  which p rov ides  p roper  d r a i n a g e  a t  t h e  l e a s t  c o s t .  
Although t h i s  t e chn iquemigh t  n o t s e l e c t  t h e  " g l o b a l  op t ima l  
s o l u t i o n "  due t o  t h e  c o n s i d e r a t i o n  o f  o n l y  a  few a l t e r n a t i v e  
systems I t h e  u s e  o f  such a  model a l l ows  expe r i enced  e n g i n e e r s  
t o  e v a l u a t e  more a l t e r n a t i v e  t o o l s  t o  h e l p  i nexpe r i enced  
e n g i n e e r s  overcome t h e i r  l a c k  o f  e x p e r i e n c e .  A t  t h e  
same t i m e ,  t h e  model w i l l  s t a n d a r d i z e  many o f  t h e  p rocedures  
o f  a  d r a i n a g e  d e s i g n  o f f i c e .  For t h i s  work a  d r a i n a g e  c o l l e c t o r  
sys tem s i m u l a t i o n  model was developed based  upon t h e  p r o c e d u r e s  
f o r  c o l l e c t o r  sys tem p l a n n i n g  u t i l i z e d  by t h e  Egyp t ian  P u b l i c  
A u t h o r i t y  f o r  Drainage  P r o j e c t s  ( S t r z e p e k  e t  a l . ,  1 9 8 0 ) .  T h i s  
model h a s  t h e  added advan tage  of  b e i n g  connec ted  w i t h  a  com- 
p u t e r  g r a p h i c s  i n p u t / o u t p u t  d e v i c e  which a l l o w s  a  proposed 
sys tem t o  be  i n p u t  by drawing it on a  g r a p h i c a l  i n p u t  d e v i c e .  
T h i s  s u b s t a n t i a l l y  i n c r e a s e s  t h e  p r o d u c t i v i t y  o f  t h e  d r a i n a g e  
e n g i n e e r .  
Level  I11 
The f i e l d  l e v e l  d r a i n  d e s i g n  problem can  be c a s t  i n t o  a  
formal  Mathemat ica l  Programming Problem under u n c e r t a i n t y .  
The s t o c h a s t i c  programming approach  t o  u n c e r t a i n t y  i s  p o s s i b l e  
i f  t h e r e  e x i s t s  a  r e l a t i o n s h i p . b e t w e e n  economic r e s p o n s e  and 
sys tem o u t p u t .  With a p r o b a b i l i t y  d e n s i t y  f u n c t i o n  o f  de- 
w a t e r i n g  zone from t h e  FOSM a n a l y s i s  and a  y i e l d  r e s p o n s e ,  
a n  e x p e c t e d  c r o p  y i e l d  a s  a  f u n c t i o n  o f  d r a i n  d e s i g n  c a n  be 
c a l c u l a t e d .   his e x p e c t e d  y i e l d  c a n  be t r a n s f o r m e d  i n t o  a n  
e x p e c t e d  economic l o s s  and combined w i t h  t h e  c a p i t a l  c o s t  
f u n c t i o n  i n  t h e  o b j e c t i v e  f u n c t i o n  o f  a  S t o c h a s t i c  Programming 
Model. The S t o c h a s t i c  Programming Model w i l l  minimize t h e  
t o t a l  c o s t  o f  d r a i n  i n s t a l l a t i o n  p l u s  t h e  v a l u e  o f  c r o p  l o s s  
o v e r  t h e  l i f e  o f  t h e  d r a i n , s u b j e c t  t o  p h y s i c a l  c o n s t r a i n t  on  
t h e  d r a i n  sys tem.  T h i s  approach p r o v i d e s  a  d e s i g n  where t h e  
m a r g i n a l  c o s t  o f  improved d r a i n  performance ( c a p i t a l  c o s t )  i s  
e q u a l  t o  t h e  marg ina l  v a l u e  o f  t h e  c r o p  l o s s  o v e r  t h e  l j f e  o f  
t h e  d r a i n  due t o  b e t t e r  system performance. This  a n a l y s i s  
p rov ides  f o r  t h e  e f f i c i e n t  u t i l i z a t i o n  o f  c a p i t a l  which i s  a 
s c a r c e  r e sou rce  i n  many a g r i c u l t u r a l  economies. 
S ince  t h i s  method i s  based upon economic r a t h e r  than  
phys i ca l  c r i t e r i a , i t  i s  s t r a i g h t f o r w a r d  t o  extend t h e  method 
t o  a  m u l t i p l e  c r o p  formula t ion  (S t rzepek  e t  a l . ,  1980) . 
DYNAMIC MULTILEVEL SYSTEM DESIGN 
A t  p r e s e n t ,  t h e  mhlk i leve l  p lanning  process  proceeds 
s e q u e n t i a l l y  from f i r s t  t o  second t o  t h i r d  l e v e l  w i t h  no 
feedback between t h e  l e v e l s .  
Th i s  s e q u e n t i a l  p lanning  process  p rov ides  no feedback 
between l e v e l  two and l e v e l  t h r e e .  For example, t h e r e  i s  no 
p rov i s ion  t o  ana lyze  how t h e  network a l ignment  a f f e c t s  l a t e r a l  
d r a i n  des ign .  Tools f o r  e f f i c i e n t  l e v e l  two and l e v e l  t h r e e  
p lanning  do n o t  s o l v e  t h e  problem,because i n  many c a s e s , t h e  
l e a s t  c o s t  c o l l e c t o r  network w i l l  n o t  p rov ide  t h e  most e f f i c i e n t  
l a t e r a l  d r a i n  system. A methodology t o  prov ide  feedback between 
l e v e l  two and l e v e l  t h r e e  i s  developed i n  t h i s  s e c t i o n .  The 
approach i s  t o  s y n t h e s i z e  t h e  c o l l e c t o r  s i m u l a t i o n  model 
w i t h  t h e  s t o c h a s t i c  programming model f o r  l a t e r a l  d r a i n  
d e s i g n  i n t o  a  dynamic m u l t i l e v e l  d ra inage  p lanning  model. 
The s y n t h e s i s  o f  t h e s e  two models i s  needed f o r  t h e  d e s i g n  
o f  a  complete d r a i n a g e  system, because t h e r e  may o f t e n  be 
a t r a d e o f f  between t h e  c a p i t a l  c o s t s  o f  t h e  c o l l e c t o r  system 
and t h e  t o t a l  c o s t s  o f  t h e  l a t e r a l  system. I t  i s  t h e n  necessary  
t o  look a t  t h e  t o t a l  c o s t s  o f  t h e  whole d r a i n a g e  system: c a p i t a l  
c o s t s  f o r  bo th  c o l l e c t o r  and l a t e r a l  d r a i n s  and t h e  expected 
l o s s e s  due t o  l a t e r a l  d e s i g n  (Strzepek e t  a l . ,  1980) .  
APPLICATION TO THE EGYPTIAN CASE 
The f i r s t  l e v e l  d e c i s i o n  o f  w h e t h e r  t o  i n s t a l l  d r a i n a g e  
h a s  t e e n  made by t h e  E g y p t i a n  government  and  t h e  World Bank 
which  i s  p r o v i d i n g  f u n d i n g  f o r  t h e  p r o j e c t .  The E g y p t i a n  
P u b l i c  A u t h o r i t y  f o r  D r a i n a g e  P r o j e c t s  h a s  b e e n  formed t o  
implement  l e v e l  two and  l e v e l  t h r e e  p l a n n i n g .  The p r o c e s s  
p r e s e n t l y  employed i s  a s e q u e n t i a l  p r o c e s s  o f  p l a n n i n g  l e v e l  
two c o l l e c t i o n  n e t w o r k s  b a s e d  upon t o p o g r a p h i c a l  c r i t e r i a .  
L e v e l  t h r e e  f i e l d  d e s i g n  i s  t h e n  b a s e d  upon s a m p l i n g  o f  p a r a -  
meters w i t h i n  e a c h  c o l l e c t o r  r e g i o n .  A l a r g e  s t a f f  e x i s t s  
f o r  t h e  i n v e s t i g a t i o n ,  p l a n n i n g , a n d  d e s i g n  o f  d r a i n a g e  s y s t e m s  
i n  Egypt .  Even w i t h  t h i s  l a r g e  s t a f f  t h e  t a s k  i s  s o  g r e a t  t h a t  
t h e  s t a f f  i s  h a r d  p r e s s e d  t o  m e e t  t h e  y e a r l y  t a r g e t s  f o r  
d r a i n a g e  d e s i g n .  More e f f e c t i v e  and e f f i c i e n t  methods  o f  
d r a i n a g e  p l a n n i n g  and d e s i g n  would b e  v e r y  b e n e f i c i a l  t o  t h e  
E g y p t i a n  government .  The a p p l i c a b i l i t y  o f  t h e  a p p r o a c h  t o  
E g y p t i a n  c o n d i t i o n s  was d e m o n s t r a t e d b y  u n d e r t a k i n g  a  c a s e  s t u d y .  
A r e g i o n  a l o n g  t h e  Ernbabe D r a i n  i n  t h e  N i l e  d e l t a  w a s  s e l e c t e d  
a s  b e i n g  r e p r e s e n t a t i v e  o f  c o n d i t i o n s  t h r o u g h o u t  t h e  N i l e  d e l t a .  
With d a t a  p r o v i d e d  by  t h e  M i n i s t r y  o f  I r r i g a t i o n  t h e  s y s t e m s  
a p p r o a c h  t o  d e s i g n  o f  a  d r a i n a g e  s y s t e m  was u n d e r t a k e n .  Four  
a l t e r n a t i v e  d r a i n a g e  s y s t e m s  were a n a l y z e d  a s  i l l u s t r a t e d  i n  
F i g u r e  2 .  Each s y s t e m  was a n a l y z e d  u s i n g  t h e  dynamic m u l t i -  
l e v e l  p l a n n i n g  model .  
T a b l e  1 i s  a  summary o f  t o t a l  s y s t e m  c o s t s  f o r  e a c h  sys t em.  
From T a b l e  1 ,  i t  c a n  b e  s e e n  t h a t l a l t h o u g h  Sys tem I h a s  t h e  
l e a s t  c o s t  c o l l e c t o r  n e t w o r k l i t  i s  n o t  t h e  " b e s t "  s y s t e n .  
System I V  i s  t h e  s y s t e m  w i t h  t h e  l e a s t  t o t a l  c o s t  o r  t h e  " b e s t "  
sys t em.  The r e a s o n  t h a t  Sys tem I V  i s  t h e  " b e s t "  a l t e r n a t i v e ,  

Table  1 .  Summary of  Case  Study R e s u l t s  
L a t e r a l  Dra in  
System 
T o t a l  C o s t s  
(LIZ) 
C o l l e c t o r  
Network 




T o t a l  C o s t s  
(LE 
i s  t h a t  t h e  c o l l e c t o r  network a l i g n m e n t  s p a n s  t h e  f i e l d  such 
t h a t  t h e  homogeneous l a t e r a l  d r a i n a g e  a r e a s  p r o v i d e  f o r  t h e  
most e f f i c i e n t  l a t e r a l  d r a i n a g e  sys tem o f  a l l  t h e  a l t e r n a t i v e  
c o l l e c t o r  a l ignments .  The s a v i n g s  i n  l a t e r a l  sys tem c o s t s  
between System I V  and System I outweigh t h e  i n c r e a s e  i n  c o s t s  
o f  t h e  c o l l e c t o r  sys tem between System I V  and System I.  
Systems I1 and I11 have c o s t s  f o r  t h e  c o l l e c t o r  sys tem and 
f o r  t h e  l a t e r a l  sys tem t h a t  a r e  h i g h e r  t h a n  b o t h  System I and 
System I V  c o s t s .  
T h i s  example i l l u s t r a t e s  t h e  impor tance  o f  feedback 
between l e v e l  two and l e v e l  t h r e e .  For i f  t h e  l e v e l  t h r e e  
o r  l a t e r a l  d e s i g n  had been based upon t h e  " b e s t "  l e v e l  two 
o r  c o l l e c t o r  d e s i g n ,  t h e  r e s u l t i n g  l a t e r a l  d r a i n a g e  sys tem 
would have been less e f f i c i e n t .  The p o t e n t i a l  s a v i n g  f o r  
Egypt cou ld  be  q u i t e  s u b s t a n t i a l .  If System I1 had been 
System I 
I i 
System I1 I System I11 / System I V  
implemented r a t h e r  t h a n  System I V ,  a n  added c o s t  o f  4 3 3 9 . 2  LE 
would have r e s u l t e d , w h i c h  i s  a  3 . 7  p e r c e n t  i n c r e a s e  i n  c o s t .  
T h i s  i s  a n  a v e r a g e  c o s t  o f  1 . 1  LE/feddans,which i n  t h e  c a s e  
o f  Egypt ,where t h e  d r a i n a g e  i n s t a l l a t i o n  r a t e  i s  500,000 
feddans  p e r  y e a r ,  r e s u l t s  i n  an  added c o s t  o f  550,000 LE p e r  
y e a r .  
The u s e  o f  t h e  dynamic m u l t i l e v e l  d r a i n a g e  p l a n n i n g  
model i n  t h e  above c a s e  s t u d y  a5ove d i d  n o t  f u l l y  i l l u s t r a t e  t h e  
advan tage  o f  t h e  methods developed i n  t h i s  work. The c a s e  
s t u d y  showed t h a t  by p r o v i d i n g  feedback between l e v e l  two and 
l e v e l  t h r e e  d r a i n a g e  p lann ing ,  a n  " o p t i m a l "  t . o t a 1  d r a i n a g e  sys tem 
c o u l d  b e  found ( r a t h e r  t h a n  combining an  o p t i m a l  l e v e l  two 
d e c i s i o n ,  c o l l e c t o r  network d e s i g n ,  w i t h  a n  o p t i m a l  l e v e l  t h r e e  
d e c i s i o n ,  l a t e r a l  d r a i n  d e s i g n  based upon t h e  l e v e l  two d e c i -  
s i o n ) .  The example d i d  n o t  i l l u s t r a t e  t h e  advan tage  o f  t h e  
dynamic m u l t i l e v e l  d r a i n a g e  p l a n n i n g  model a s  a  s y n t h e s i s  o f  
approaches  t h a t  a d d r e s s e s  t h e  i s s u e s  o f  u n c e r t a i n t y  and s p a t i a l  
v a r i a b i l i t y  i n  d e s i g n  p a r a m e t e r s  i n  economic t e r m s .  
CONCLUSION 
The combinat ion  o f  s i m u l a t i o n  and o p t i m i z a t i o n  t e c h n i q u e s  
i n t o  a  s i n g l e  methodology c a p t u r e s  t h e  e s s e n c e  o f  t h e  sys tems 
a n a l y s i s  approach.  The sys tems a n a l y s i s  approach  p r o v i d e s  
t o o l s  f o r  a n a l y z i n g  complex problems i n  a  s t r u c t u r e  framework. 
The d r a i n a g e  d e s i g n  problem under u n c e r t a i n t y ,  as o u t l i n e d  above,  
is  j u s t  such a  complex p r o c e s s .  By combining s i m u l a t i o n  w i t h  
mathemat ica l  o p t i m i z a t i o n , t h e  a r e a s  o f  d r a i n a g e  d e s i g n  a r e  
matched w i t h  sys tem t o o l s  t h a t  f i t  t h e  c h a r a c t e r i s t i c s  o f  each  
a r e a .  
I n  t h e  a r ea  o f  c o l l e c t o r  network d e s i g n ,  many o f  t h e  
des ign  c r i t e r i a  a r e  mathemat ical ly  d e s c r i b a b l e ,  s o  t h e  
s imu la t ion  approach f i t s  q u i t e  w e l l .  S imula t ion  a l l ows  t h e  
response of  a  system t o  be  analyzed i n  an e f f i c i e n t  manner,  
a l lowing t h e  des igne r  t o  ana lyze  many a l t e r n a t i v e s  o f  complex 
systems. 
The des ign  of  f i e l d  d r a i n s  i s  d i f f e r e n t .  Here, t h e  phys ics  
and economics o f  t h e  problem can be desc r ibed  mathemat ica l ly ,  
a l lowing mathematical  programming techniques  t o  be  used t o  
des ign  e f f i c i e n t  systems. The s y n t h e s i s  o f  both  approaches 
i n t o  a  s i n g l e  methodology a l l ows  t h e  complex d ra inage  des ign  
problem t o  be analyzed s y s t e m a t i c a l l y  and e f f i c i e n t l y ,  a l lowing  
t h e  c h a r a c t e r i s t i c s  o f  t h e  system t o  be  modeled most a c c u r a t e l y .  
This combined s imula t ion-opt imiza t ion  approach combines 
t h e  b e n e f i t s  of  eng ineer ing  judgement and o p t i m i z a t i o n  tech-  
niques .  I t  a l lows  an eng inee r  t o  choose a  f e a s i b l e  c o l l e c t o r  
al ignment.  The c o l l e c t o r  s imu la t ion  model t hen  provides  a  
des ign  f o r  t h e  c o l l e c t o r  system. The model s o r t s  t h e  perme- 
a b i l i t y  d a t a  and a s s i g n s  va lues  t o  t h e  a p p r o p r i a t e  c o l l e c t o r  
a r e a .  Then t h e  s p a t i a l l y  d i s t r i b u t e d  l o s s  model produces t h e  
op t imal  l a t e r a l  d r a i n  d e s i g n  f o r  each c o l l e c t o r  a r e a .  The 
model ou tpu t  i s  c a p i t a l  c o s t s  o f  t h e  c o l l e c t o r  network, c a p i t a l  
c o s t  o f  l a t e r a l  d r a i n  systems,  expected l o s s e s  f o r  t h e  l a t e r a l  
system, and t h e  t o t a l  system c o s t .  
With t h i s  model, t h e  eng inee r  can make a  number o f  d i f f e r e n t  
c o l l e c t o r  a l ignments  and f i n d  t h e  al ignment t h a t  meets t h e  des ign  
c r i t e r i a  a t  t h e  l e a s t  c o s t .  This  t o o l  p rov ides  t h e  feedback 
l i n k  between l e v e l  two and l e v e l  t h r e e  , a l lowing  a  dynamic 
p lanning  process  t o  des ign  t h e  " b e s t "  d ra inage  system. The 
dynamic m u l t i l e v e l  d r a i n a g e  d e s i g n  model a d d r e s s e s  i n  one 
model t h e  problem o f  u n c e r t a i n t y  i n  d r a i n a g e  d e s i g n ,  t h e  
problem o f  s p a t i a l l y  v a r i a b l e  s o i l  p e r m e a b i l i t y ,  t h e  economies 
o f  c r o p  y i e l d  and d r a i n a g e  d e s i g n ,  and t h e  l a c k  o f  feedback 
between c o l l e c t o r  and l a t e r a l  d e s i g n s .  These  a r e  a l l  major  
problems t h a t  have f a c e d  t h e  f i e l d  o f  d r a i n a g e  f o r  many y e a r s .  
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